The formation of non-templated (N) regions during immunoglobulin gene 2 rearrangement is a major contributor to antibody diversity. To gain insights into the 3 mechanisms behind this, we studied the nucleotide composition of N regions within 4 29,962 unique human V H DJ H -rearrangements and 8,728 unique human DJ H -5 rearrangements containing exactly one identifiable D-gene segment and thus two N 6 regions, N1 and N2. We found a distinct decreasing content of cytosine (C) and 7 increasing content of guanine (G) across each N region, suggesting that N regions are 8 typically generated by concatenation of two 3'-overhangs synthesized by addition of 9 nucleoside triphosphates with a preference for dCTP. This challenges the general 10 assumption that the terminal deoxynucleotidyl transferase favors dGTP in vivo. 11
Introduction 1
Diversity in the immunoglobulin repertoire is paramount for the immune system's 2 ability to fight the multitude of foreign pathogens that the body encounters. Diversity 3 if created through random combination of one of many V, (D), and J gene segments 4 giving rise to the V(D)J genes encoding the variable domains of B-and T-cell 5 receptors. However, the major contributor to diversity is the variable truncation of the 6 recombined gene segments in synergy with the addition of non-templated nucleotides 7
forming the so-called N regions within the rearrangements (1) . In human B cells, N 8
regions are usually present in both heavy and light chain genes in fetal as well as adult 9 B cells, whereas they are only present in heavy chains in murine B cells and only after 10 birth (2-4). These discrepancies are caused by different timing of the expression of 11
Terminal Deoxynucleotidyl Transferase (TdT), an enzyme directly involved in the 12 formation of N regions (5, 6). Initiating the recombination process, Recombination-13 activating gene 1 (RAG1) and RAG2 induce a double-stranded DNA break between 14 the gene segment and the flanking recombination signaling sequence (RSS) and seal 15 the break with a hairpin loop (7, 8) . Initially, this happens for a random D and J H gene 16 segment pair on one of the human chromosome 14s. Later the same happens between 17 a random V H gene and the formed DJ H gene. In both cases, Ku70/Ku80 heterodimers 18 bind to the DNA ends and recruit the Artemis:DNA-PKcs complex to which also 19 XRCC4 associates (9) . The endonuclease Artemis then nicks the DNA strand at 20 variable distance from the sealed end, which usually results in formation of 3'-21 overhangs at the two gene segments (10) . These overhangs sometimes remain in the 22 final rearrangement as an extension of the gene segment(s) known as palindromic 23 nucleotides (P segment), but often nucleotides are removed leading to trimming of the 24 germline encoded gene segment(s). Unique for the recombination events occurring on 25 rearrangements and 9,969 unique sterile DJ H -rearrangements obtained by 454-1 sequencing and derived from CD19 + B cells isolated from 110 healthy blood donors 2 (27). 3
Finally, we downloaded 72,107 putative V H DJ H -rearrangements from the NCBI 4 repository (25 th of January, 2015) using IgBLAST and excluded entries containing the 5 words: musculus, mouse, kappa light and lambda light, or those with ambiguous 6 nucleotides in the sequence. Of these, 63,462 V H DJ H -rearrangements were classified 7 as evaluable, meaning they had identifiable V H -and J H -genes and 39,992 of the 8 rearrangements were unique with 32,064 being available in XML-format and linked 9
to an NCBI Pubmed article. Based on data mining, we excluded rearrangements that 10 originated from phage display, hybridomas, cell lines, mouse-human fusions, 11
retracted papers etc. and ended up with an NCBI dataset including 24,411 unique 12
V H DJ H -rearrangements. 13
In total, we gathered 50,685 V H DJ H and 9,969 DJ H sequences . 14 
15

V H DJ H -rearrangement analysis 16
We analyzed the V H DJ H -and DJ H -rearrangements in the program VDJsolver version 17 2.0. VDJsolver aligns rearrangements to the germline sequences of V H -, D-, and J H -18 genes using a maximum likelihood method (26). Version 1.0 is publicly available 19 (http://www.cbs.dtu.dk/services/VDJsolver/) and has been described and 20 benchmarked against other publicly available tools (28). Version 2.0 is described 21 elsewhere (27) and differs from version 1.0 by: i) allowing D-D fusions in the model, 22
ii) improved alignment with V H germline genes using a Smith-Waterman-based 23 algorithm (29) and iii) improved sensitivity for D-genes. The program found D-genes 24 in 71% of the NCBI material and in 4% of artificially generated sequences in which 25 empiric N(P)D(P)N stretches were replaced by stochastically assembled sequences 1 with a base composition similar to N regions. 2
3
To assure precise definition of the N regions and to avoid short D segments to be 4 misclassified as N nucleotides, sequences were only analyzed further if exactly one 5 D-gene segment was found by VDJsolver. 6 VDJsolver splits V H DJ H -rearrangements using the model:
In the model "P" stands for palindromic segments at least two bases long immediately 11 adjacent to an untrimmed gene segment end with suffixes designating the germline 12 segment: V H , upstream or downstream end of the D segment, and J H , respectively. A 13 single palindromic nucleotide immediately after an untrimmed gene segment was by 14 default classified as an N nucleotide by VDJsolver, because the likelihood of an N 15 nucleotide simulating a P nucleotide by chance exceeded the expected frequency of a 16 single base P segment. To avoid any bias from P nucleotides misclassified as N 17 nucleotides, such palindromic nucleotides were, however, ignored and not considered 18 part of the N region in this paper. The need for precise definition of P segments 19 required that the published (IMGT and PubMed) V H -gene germline sequence included 20 the heptamer of the RSS to assure correct determination of the site of RAG-induced 21 hairpin formation following double strand breakage. V H DJ H -rearrangements that used 22 V H -genes with unresolved boundaries were therefore excluded from the study. 
Identifying footprint sequences in N regions 10
Predicted N regions were screened for the existence of templated sequences 11 compatible with secondary rearrangements -so-called footprints -which theoretically 12 may be present in some of the N1 regions. All possible 7-mer, 6-mer and 5-mer 13 motifs present between a putative cryptic RSS and the heptamer of the canonical RSS 14 led to a considerable change in the G/C ratio throughout the N regions ( Figure 2C ). 5
The G/C gradient observed in N1 ( The G/C ratio in N regions was influenced by selection but not somatic 10
The G/C gradients in N1 and N2 depended somewhat on the mutational and 12 functional status of the rearrangements ( Figure 3A and B). Functionality clearly had a 13 greater effect on the G/C ratio across N1 regions compared to N2 regions. The 14 increase in G/C ratio was due to a relative enrichment of G in the N1 region ( Figure  15 3C) reaching 34.6% in unmutated P rearrangements compared with unmutated NP 16 rearrangements (30.4%, p<0.0001). While significant, the increase in G in unmutated 17 P rearrangements was less pronounced in N2 ( Figure 3D ). No significant differences 18 in G/C ratio were found for N1 or N2 when comparing mutated P and unmutated P 19
rearrangements (p>0.33). 20 21
No significant contribution by secondary rearrangements to the composition of N1 22
The slight difference in the G gradient observed between N1 and N2 ( Figure 2A 
0001). Rather few sequences (n= 16
711 and 296) were available for studying the effect of trimming at one end only, and 17 no significant difference was seen between G/C gradients of sequences trimmed at 18 either end ( Figure 5A ). However, when all rearrangements, including mutated P 19 rearrangements, were included, similar patterns and significantly different G/C 20 gradients were observed for both N1 and N2 regions dependent on trimming status 21 (figures 5E and F), suggesting that the lack of significance for N1 regions in NP 22 rearrangements could be due to small sample sizes. 23
We further found that not only were the G/C ratios across N regions influenced by 24 gene segment trimming, they were also influenced by the extent of gene segment 25 trimming ( Figure 6 ). In N2 regions from 11,012 unmutated NP V H DJ H -and DJ H -1 rearrangements, we found that the high G/C ratio observed in N2 regions trimmed at 2 the J H -gene segment and low G/C ratio found in N2 regions trimmed at the D-gene 3 segment (figure 5B) required removal of 3-4 bases from the respective gene segments 4 (Figure 6 ). In fact, the pattern reversed if the gene segments were trimmed less or 5 remained untrimmed. elimination of templated segments like P nucleotides from the regions. It is also 3 necessary to exclude functional sequences which may have been subjected to 4 selection as well as somatically hypermutated rearrangements in which the base 5 composition may have been changed. Sterile DJ H -rearrangements are ideal for these 6 studies because they are non-coding and neither subjected to selection nor somatic 7 hypermutation (27). We analyzed a large dataset composed of DJ H -rearrangements 8 yielding unbiased insights into the nature of N2 regions and supplemented with N1 9 and N2 regions derived from unmutated and non-productive V H DJ H -rearrangements 10 from several sources which contained only one identifiable D-gene segment. For N1 11 regions, we also had to consider the possible bias related to templated sequences -so 12 called footprints -which occasionally occurs as a result of a secondary 13 rearrangements (34-38). We have previously shown that such V H -gene remnants are 14 too rare to be detectable in the normal B-cell receptor repertoire (26). Here we tested 15 for footprints after secondary rearrangements on this very large sequence material. 16
Again we found that secondary rearrangements are quite rare and unlikely to affect 17 our conclusions in this paper. 18
19
Selection of B cells with functional rearrangements favors G in the N1 regions and 20 less pronounced G and C in N2 regions. 21
Our demonstration that the content of G is higher in N1 regions from productive 22 rearrangements stresses the importance of careful selection of rearrangements for 23 studies of N region synthesis. Moreover, it suggests that some amino acids encoded 24 by G-containing codons (e.g. glycine) are favorable in the CDR3. 
both strands are involved in the same cell. It is also unknown how truncation of the 9 3'-ends affects N-region synthesis. The large and highly validated sequence material 10 in this report allows us to discriminate between some of these possibilities. The linear 11 gradients demonstrated in figure 2 cannot be explained by a model assuming N 12 addition only occurring in the plus strand (or the minus strand) by a polymerase with 13 fixed preferences for the individual nucleotides. Neither would a mixture of 14 rearrangements, formed either in the plus strand or in the minus strand, generate such 15 gradients. In both cases, the G/C ratio would be constant over the entire N region. 16 However, before dismissing the single-strand polymerization hypothesis completely, 17
we considered the possibility that homo-polymeric tracts in N regions could be due to 18 nucleotide stacking, as suggested by Gauss and Lieber (39), and that stacking of G's 19 in the plus strand might generate the observed gradient. In silico analyses 20 demonstrated, however, that a gradient of this magnitude could only be generated 21 using extreme levels of stacking (i.e. G following G much more often than any other 22 nucleotide) leading to paucity of short G homo-polymers and preponderance of very 23 long homo-polymers (often as long as the N region) incompatible with our 24 observations (data not shown). In contrast, our data are compatible with a scenario in 25 which two similarly constructed 3'-overhangs, one giving rise to the 5'-end of the N 1 region (plus strand) and the other to the 3'-end (minus strand), generate a gradient 2 balanced around the site where the two 3'-overhangs are joined by microhomology 3 (Figure 7) . Assuming a random site for the initial base pairing by microhomology, the 4 concatenation hypothesis would predict the linear gradients that we found. Alt and 5
Baltimore (11) suggested that N regions arise by concatenation of two non-templated 6 strands growing from the 3'-ends of the rearranged gene segments. In 1996, Kepler 7 and colleagues (24), however, studied the nucleotide composition of N1 regions in 8 With the short nature of murine N regions, ranging from 1-7 nucleotides in length (3, 24 12, 40) the sensitivity of the method is low and stacking alone may explain high 25 values for the homogeneity index for closely positioned bases. Moreover, the 1 sensitivity of the homogeneity index is not known because it depends on the ratio 2 between the frequencies with which G and C are added during polymerization in vivo, 3 which is currently unknown. When we calculated the homogeneity index for our N2 4 sequences, we did not find high values (above 1/2) for all values of n as predicted by 5 the single-strand polymerization hypothesis. Rather values below 1/2 were often seen 6
for large values of n (Supplementary figure 2) . We conclude that our data strongly 7 suggest that human N1 and N2 regions are usually formed by concatenation of two 8 opposite strands growing from the 3'-ends of the adjacent gene segments. 9
10
The nucleotide most often added during polymerization is C. 11
When accepting the concatenation hypothesis for the majority of rearrangements, it 12
follows inevitably from our data that the nucleotide most often added during 13 polymerization is C followed by G whereas A and T are added at similar, lower 14
frequencies (A slightly more often than T). Assuming that the bases are added by 15
TdT, our data indicate that human TdT preferentially adds Cs during N addition rather 16 than G in vivo. This is clearly at odds with the current understanding. Nevertheless, 17
Kepler and colleagues (24) thymus adds G at a significantly higher frequency (60-70%), than C (9-17%), T (11-24 16%) and A (2-9%) when dNTPs are provided in equimolar concentrations (15) . human DNA-PKcs has been found to dramatically change bovine TdT's preferences 10 for individual nucleoside triphosphates (23). Based on our data, we therefore suggest 11 that during in vivo rearrangement in human pro-and pre-B cells, C is the most 12 frequently used substrate by TdT followed by G, A, and T in that order. 13
14
Gene segment trimming affects the G and C content in final N region 15
A novel finding of this study is that single strands growing from trimmed gene 16 segments tend to contribute more to the final N region when the other end is 17
untrimmed. This implies that the N region has been synthetized primarily in one 18 direction in these situations. A possible explanation is that the short isoform of TdT 19 with polymerase activity, in complex with other proteins at the coding end, works 20 more efficiently at trimmed ends per se or that its recruitment to the complex is 21 dependent on prior recruitment of factors with exo-(long isoform of TdT) or 22 endonuclease (Arthemis) activity. If this is the case, TdT activity may sometimes be 23 delayed at one gene segment and de facto be unidirectional (Figure 7 ). Our finding 24 that the tendency for unidirectional synthesis is most extreme when the gene segment 25 is trimmed ≥3 nucleotides from the heptamer could suggest that the coding end is 1 blunt-ended before TdT transferase activity is initiated, because Artemis often nicks 2 2-3 bases from the hairpin loop. However, the existence of V H DJ H -rearrangements 3 with two untrimmed gene segments argues against strict dependency of TdT's 4 transferase activity in vivo on prior nuclease activity. Another possibility is that 5 concatenation of two growing single-strands occasionally finds microhomology in 6 unprocessed 3'-overhangs generated by Arthemis which would also give rise to the 7 observed patterns. Our data do not allow us to discriminate these two scenarios. 8
9
Our data forces us to revise the current understanding of TdT's preference for G 10 during N addition in vivo. We suggest the explanation is to be found in the complex 11 machinery operating on the trimmed gene segment ends during rearrangement, which 12 may differ from the conditions present in vitro. The fact that nucleotide preferences of 13
TdT may depend on the situation is evident from the data of Gangi-Peterson et al. 14 who found significantly different G and C contents in N regions occurring in coding 15 joints compared to signal joints (25). In fact, the tendency to add G at the 3'-end of 16 signal joints was not found in the coding joints where a trend for preponderance of C 17 was actually observed. Signal joints differ from coding joints by lack of hair pin loop 18 formation and trimming, while coding joints are usually trimmed. This is reminiscent 19 of our finding in this paper of positive G/C gradients in N regions between trimmed 20 gene segments, but negative G/C gradients in the relatively few rearrangements with 21 two untrimmed gene segments. Thus, it is possible that TdT changes its nucleotide 22 preferences dependent on whether the gene segment is trimmed or not, most likely 23 due to differences in the protein complexes formed. This may not only explain our 24 findings, but also explain differences between N region composition of signal joints 25 versus coding joints. More research is needed before we fully understand the intricate 1 mechanism of N addition, but focus should be on mechanisms that can explain the 2 fine structure of N additions revealed in this paper. 941) . C) The G/C ratios across the N regions did not differ between N1 and N2 (p=0.054).
Figure 3
Figure 3 The G/C gradient in N regions in unmutated NP, unmutated P and mutated P rearrangements, respectively. A) For N1, the slopes (G/C gradients) did not differ between unmutated NP and unmutated P V H DJ H -rearrangements (p=0.895) but the Y-intercept was lower for unmutated NP (p=0.002) B) For N2 regions, no differences were found (p=0.30). C) In N1 the frequency of C nucleotides did not differ significantly between unmutated NP, unmutated P and mutated P rearrangements (p=0.084), while the content of G nucleotides was significantly higher in unmutated P and mutated P compared to unmutated NP rearrangements (p<0.0001) and D) In N2 the frequency of both C and G nucleotides were slightly higher in unmutated P and mutated P compared to unmutated NP rearrangements (p<0.0001). Graphic sketch illustrating the process by which the C gradient is generated during joining of the V H -gene and D-gene segments. First Artemis nicks the hairpin loop generated by the RAGcomplex resulting in a 3'-overhang. This 3'-overhang is processed by TdT, possibly removing it entirely as depicted in the figure and synthesising an N-addition preferentially composed of C. The two 3'-overhangs are then joined by microhomology and the resulting N1 region will display a negative C-gradient and positive G-gradient.
